Rock Features and Alteration of Stone Materials Used for the Built Environment: A Review of Recent Publications on Ageing Tests by Alves, Carlos et al.
  
Geosciences 2020, 10, 91; doi:10.3390/geosciences10030091 www.mdpi.com/journal/geosciences 
Review 
Rock Features and Alteration of Stone Materials Used 
for the Built Environment: A Review of Recent 
Publications on Ageing Tests 
Carlos Alves 1,*, Carlos Figueiredo 2 and Jorge Sanjurjo-Sánchez 3 
1 LandS/Lab2PT-Landscapes, Heritage and Territory laboratory (FCT-AUR/04509) and Earth Sciences 
Department/School of Sciences, University of Minho, 4710-057 Braga, Portugal 
2 CERENA—Centro de Recursos Naturais e Ambiente, FCT- UID/ECI/04028/2019, DEcivil, Instituto Superior 
Técnico, University of Lisbon, 1049-001 Lisbon, Portugal; carlos.m.figueiredo@ist.utl.pt 
3 University Institute of Geology, Universidade da Coruña, ESCI, Campus de Elviña, 15071 A Coruña, Spain; 
jorge.sanjurjo.sanchez@udc.es 
* Correspondence: casaix@dct.uminho.pt 
Received: 30 December 2019; 26 February 2020; Published: 28 February 2020 
Abstract: This work presents a review of recent publications, with publication date between 2017 
and 2019, with information on the relation between rock characteristics and the effects of diverse 
agents associated with alteration of stone materials in the built environment. It considers 
information obtained from ageing tests performed under laboratory conditions and by exposure to 
outdoor agents. Several lithological groups were considered, with sedimentary carbonate rocks 
being the most frequently studied lithotypes and silicate metamorphic rocks being the group with 
scarcer information. In terms of ageing tests, salt weathering was the most frequent one while there 
was a noticeable lesser amount of information from tests with biological colonization. The collected 
data showed the influence of diverse features, from specific minerals to whole-rock properties and 
the presence of heterogeneities. These information are discussed in the context of formulating a 
general framework for stone decay. 
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1. Introduction 
Stone is an important component of the cultural heritage and still going strong as a building 
material, with around 2.8 million tons of dimension stone sold in 2018 in the United States alone [1]. 
The interactions between stone materials and diverse agents in the built environment can lead 
to, in general, unwanted alteration features. The term “alteration” is used here in a wide sense to 
encompass all unintended transformations that the stone suffers because of the agents in the built 
environment such as salts, water, ice, biological colonization, atmospheric pollution, etc. The 
alteration of stone after emplacement in built structures has been noticed at least since the time of 
Herodotus, who reported the occurrence of efflorescence of salt in Egypt and remarked that "even 
the pyramids are being eaten away by it" [2]. Comments on stone characteristics relevant to their 
performance in buildings were also presented in Vitruvius classic work [3], which has what was 
possibly the first proposal for tests to assess stone durability using an exposure test. While the test 
proposed by Vitruvius used field conditions, the time range proposed by this author is not compatible 
with building projects and diverse accelerated ageing tests have been devised using the agents 
usually identified in the alteration of building materials. 
General concepts concerning the alteration processes that affect stone applied in the built 
environment can be found in Siegesmund and Snethlage [4]. While there are several reviews 
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concerning alteration agents such as atmospheric pollution [5], soluble salts [6], and biological agents 
[7], the effects of rock characteristics have deserved less attention. 
This review attempts to present a snapshot of recent trends in what can be called the petrological 
side of natural stone alteration and we did not consider results from tests with artificial stone. The 
potential interest of this line of research is, in our opinion, two-fold: 
To help in the diagnosis of the causes promoting the alteration of natural stone in the built 
environment, in order to help in the design of suitable intervention measures; 
To contribute to define criteria for the selection of suitable stone materials for application in the 
built environment, also according to the alteration agents that could affect these materials. 
2. Dataset  
This review considers publications found in the Scopus database, with publication date from 
2017 onward and that present empirical results from ageing tests with natural stone. We considered 
only studies performed under laboratory conditions or by exposure to outdoor conditions given that 
in these cases there would be information regarding time and some control in relation to the initial 
conditions. While there were many other publications concerning the alteration of stones in the built 
environment during the aforementioned period, we collected information from 74 publications [8–
81] that presented experimental results on the interaction between rock features and ageing agents, 
and that will be discussed in the following sections. This document was prepared with Google online 
software (Google Docs and Google Sheets) and with additional editing with the open-source freeware 
LibreOffice (https://www.libreoffice.org) and Inkscape (https://inkscape.org).  
3. Rocks and Tests 
Here is presented a first analysis of the considered dataset with some general information in 
relation to the types of rocks and the tests that were used for simulating the alteration processes. 
3.1. Lithological Diversity 
The rocks mentioned in the publications were distributed (Figure 1) by the following general 
lithological groups: 
• SC, sedimentary carbonate rocks (mostly diverse types of limestones and including, travertines, 
carbonate tufas and dolostones); 
• SD, sedimentary detrital rocks, a group that in the studied set corresponds to arenaceous rocks; 
• P, pyroclastic rocks; 
• M, magmatic rocks (which include plutonic and lava rocks); 
• MC, metamorphic carbonate rocks (in the data collected all occurrences correspond to marbles); 
• MS, metamorphic silicate (with diverse crystals-sizes and composition, from slates to gneiss, and 
including serpentinites). 
The plot represents the percentage of the studied publications that consider a given group, hence 
some publications will be counted more than once (e.g., if they studied a granite and a limestone) and 
the sum of the values will be higher than 100. More petrological details will be given in the discussion 
of the relations with alteration tests. It is clear that sedimentary carbonate rocks are dominant in this 
dataset while, on the other extreme, silicate metamorphic rocks are scarcely represented. While the 
plot of Figure 1 gives an indication of the lithological diversity of the studied dataset, it does not show 
the specific rocks considered in each publication. This will be more developed in the discussion of 
section 4 but even that might fail to reveal the extension of some works such as, e.g., Ahmad et al. [8], 
which consider 12 types of plutonic and metamorphic rocks and Pötzl et al. [47], which studied 14 
types of tuff. 
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Figure 1. Lithological diversity of the analyzed publications considering the following broad groups: 
SC: sedimentary carbonate rocks; SD: sedimentary detrital rocks; P: pyroclastic rocks; M: magmatic 
rocks; MC: metamorphic carbonate rocks; MS: metamorphic silicate. 
3.2. Ageing Tests 
Figure 2 presents a plot that attempts to show the kind of agents that were used in the analyzed 
publications to promote the alteration of the rock specimens, again as a percentage of the dataset. The 
sum of the frequency values, again, gives a value above 100, since some publications consider more 
than one agent, such as salt weathering and freeze-thaw. 
In this general review, we are considering under "S" all salt weathering tests, regardless of the 
variations in terms of the type of salt, salt content, imbibition procedure, and environmental 
conditions, namely drying temperature. The groups "F" (freeze-thaw), "T" (thermal cycles), and "H" 
are all related to temperature variations but the first one mostly concerns the effects of volumetric 
variations of water in pores and, therefore, is akin of the salt weathering tests. The group referred to 
as "CR" (chemical reactants) corresponds to diverse tests where, nonetheless, chemical reactions are 
dominant, whether related to atmospheric pollution (solution, gases, and particles) or to dissolution 
and leaching by solutions, including slake tests. In this organization, we are assuming that water or 
salt solutions do not cause significant chemical changes. The group represented as "B" corresponds 
to tests designed to promote biological colonization but exposure tests, "E", can also promote this 
kind of result. As will be seen below, the kind of effects resulting from heating ("H") and thermal 
shocks and cycling ("T") are quite different, given, namely, that the first kind of test involves higher 
temperatures. We are assuming that the thermal effects of wet-dry tests (“W”) and salt weathering 
tests were negligible, which can be controversial, especially for the later. Of course, one can also posit 
that both salt weathering tests and freeze-thaw tests include a wetting-drying component. 
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Figure 2. Ageing tests of which data were collected from the publications considered, S: salt 
weathering; F: freeze-thaw; W: wetting-drying; CR: chemical reactants; B: biological colonization; (see 
text for more information); T: thermal cycles; H: heating; U: exposure to ultraviolet radiation; E: 
exposure to weathering agents in the outdoors. 
Salt weathering is clearly the most frequent kind of ageing test considered in the publications 
analyzed, followed by freeze-thaw. It is also noteworthy the relatively small proportion of 
publications concerning the effects of chemical pollutants and, most strikingly, the proportion that 
considers tests promoting biological colonization (however, tests involving the exposure to outdoor 
agents might be influenced by both). 
4. Effects of Ageing Tests on Rock Features 
This section presents the information collected on the effects of ageing tests on specific rock 
features, including mineralogical, textural, structural, and pore system characteristics, as well as 
(bulk) physical properties, including mechanical properties. In some cases, results concern one 
feature but in others, the authors propose potential relations to several factors. 
4.1. Minerals and Other Phase Constituents 
The characteristics of some minerals and other constituent phases have been indicated as 
contributing to the alterations of stone materials. Some mineral phases are particularly susceptible to 
dissolution such as calcite, which was studied by tests with acid rain solutions [30] and the occurrence 
of high magnesium calcite and aragonite was considered to favor dissolution of limestones [17]. Also 
in limestones, there is reference to the susceptibility of calcite to biological action [63]. The anisotropic 
behavior to the dissolution of calcite has been reported as having an impact on the surface reactivity 
of marbles [69]. Some studies have also found etching of calcite crystals resulting from limestone 
heating [22]. Experiments with burying in guano, which can have saline and acid effects, have 
described reactivity of lithologies with calcium phases in limestone and basalt [9]. According to Deng 
et al. [36], clay minerals can react with acid solutions, enhancing the microporosity and susceptibility 
to freeze-thaw of sandstones. 
There are also references to the reactivity of non-crystalline constituents, such as the dissolution 
of organic matter in limestone under salt weathering [35] and the susceptibility of carbon-rich slates 
to microorganisms [19]. 
In a somewhat opposite direction, there are indications that dolomite crystals in marbles were 
less susceptible to the action of microorganisms [11] and that the presence of dolomite in limestones 
contributed to higher resistance to dissolution with water [17]. The higher resistance to salt 
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weathering tests of dolomitic marbles, in relation to calcitic ones, has been attributed to the lower 
solubility of dolomite, when compared with calcite, in salt solutions [23]. 
Oxidation processes can contribute to stains in limestone because of the action of salt solutions 
[71] and acid solutions [38], with this last publication also reporting the oxidation of iron-containing 
calcite. 
Physical agents can interact also with the characteristics of the minerals that are present in a rock. 
The presence of phyllosilicates has been considered to contribute to the susceptibility of arenaceous 
sedimentary rocks to salt weathering [50,56] and to wetting-drying [77], with these last authors 
proposing different impact for different clay minerals according to moisture content. 
Biotite was found to be more susceptible to the development of fissures under stress conditions 
that promoted crack propagation in kersantite specimens [55]. Ultraviolet exposure tests have been 
reported as causing oxidation effects on sandstones exposed to the outdoors [12]. 
Alterations effects associated with thermal cycles have been indicated, namely in relation to 
calcite volumetric variations [78]. We can include in these considerations also a study that presented 
observations of slight bowing of magmatic rocks under thermal cycles [51]. There are also studies 
explaining mass loss in tuff and andesite as resulting from mineralogical changes associated with loss 
of interstitial water of layered minerals because of gas temperature under conditions simulating 
atmospheric pollution [64]. 
Chromatic changes resulting from heating have been reported for clay minerals in sandstones 
[40] and in limestone [27], and for biotite, amphiboles, garnet, alkaline feldspars, chlorite, and quartz 
in granitoids [68], and these authors also refer to the influence of the content in biotite and plagioclase 
on the rock physical damage by cracking. 
4.2. Pore Network Features 
Pores frequently favor the decay effects of diverse agents. In a study promoting biological 
colonization of limestones, microorganisms were detected inside pores, which was explained for 
pores being places with higher moisture [34]. In a limestone subjected to gaseous attack, the network 
of macropores allowed the penetration of gases and in-depth reactions [39] and it has been observed 
the enlargement by salt weathering of macropores and existing fissures in trachyte [15]. 
Higher porosity is often considered to promote stone susceptibility to alteration processes in the 
built environment and 10% porosity was implied as a kind of threshold for susceptibility to salt and 
ice weathering of the travertines and carbonate tufas studied by Benavente et al. [33], because of 
higher pore interconnection and fluid migration but this cannot be considered a universal rule, as the 
results of many other rocks have shown. 
Some studies have shown the higher susceptibility to salt weathering of more porous limestones 
[17,35,50], with similar results for granites [28] and for highly porous sandstones [53]. The same trend 
has been obtained in terms of the effects of acid solutions on limestones [38,44]. 
Similar trends have been observed in the comparison of different lithologies in salt weathering 
tests, with a more porous granite behaving worse than a limestone with lower porosity [73]. Higher 
biological colonization has also been observed on more porous types, with worse results for limestone 
than for marble [10] and for limestone than granite [59]. The penetration of soot was found [64] to be 
higher for the more porous lithologies (rhyolite tuff, travertine, granite and the more porous 
limestone) while deep penetration of particles was not observed by visual inspection on other rocks 
with more dense structure (andesite, marble, sandstone, and a less porous limestone). There is a 
report of higher susceptibility to sulfation of travertine than marble, being the porosity of the 
travertine higher [54]. 
Higher porosity, by promoting higher pollutants loads, can also furthermore contribute to other 
decay processes. According to the study by Thomachot-Schneider et al. [76], the thermal response of 
limestones that absorb more salts due to higher porosity contributed to the disaggregation of these 
stone types. 
However, there are references to the opposite for limestones, pointing that lower porosity 
promotes higher sensibility in the case of alteration because of thermal effects [17,22]. In a comparison 
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of limestone and granite, higher increase in porosity was found for limestone than for granite, 
porosity being lower in limestone [73]. On the other hand, there is at least one study explaining the 
slight impact of thermal shock on a limestone by the low porosity of this rock [18] 
Besides the total amount of pores, the dimensions of the pores have been considered. In freeze-
thaw tests with diverse rock types (basalt, diabases, dolostones, gneiss, granite, limestones, and 
sandstone), susceptibility was higher for high porosity rocks but was also related to a parameter 
based on a volumetric fraction of the pore space [26]. The effects of salt weathering on granites have 
been found to be related to higher porosity but also to pore-size distribution [52]. Differences in the 
patterns of salt weathering of two limestone types were related to differences in pore size distribution 
with the most affected limestone being the most porous one and the one with smaller pore size [52]. 
A study with several tuffs reported that those with micropores dominance were particularly affected 
by salt weathering [47]. But bigger pores can favor limestone dissolution by acid attack [38] and 
according to Fogue-Djombou et al. [65], limestones with unimodal pore network dominated by 
micropores present higher resistance to freeze-thaw than limestone with bimodal pore system. On 
the other hand, a study with several rock types proposed that the rocks with greater variation in pore 
size (limestone and travertine) were more stable under freeze-thaw tests than the others 
(trachyandesite and tuff) [80]. The impact of salt solutions in tuff [20] and limestone [25] has been 
explained by crystallization pressures resulting from pore size distribution. 
It will be interesting to note that in a study of basalts, Dursun and Topal [62], found that the type 
with smaller pores (massive basalt) presented higher durability than the vesicular that presented 
higher porosity and water absorption as well as other physical characteristics (see below). 
Additionally, the interconnections of the pores can affect the action of decay agents. It has been 
found for trachytes tested with salt weathering that higher porosity did not necessarily imply low 
durability since poorly interconnected pores can limit the action of water-related agents [15]. In a 
study of tuffs subjected to salt weathering tests [46], all types showed significant mass losses but 
lower resistance to salt weathering was observed for the types with higher water vapor diffusion, 
which was considered as an indicator of the transport of solutions. 
4.3. Textural and Structural Features 
Rocks are generally multiphase aggregates and the impact of alteration agents can be affected 
by the interfaces between individual particles, as well as the orientation, geometry, and space 
distribution patterns of those individual particles (and their variations). 
The detachment and loosing of grains were observed in marbles subjected to heating-cooling 
and freeze-thaw tests [21]. There are also references to the action of salt and ice in interfaces between 
grains in sandstone [75] and in trachyandesite and tuff [80]. According to Murru et al. [45], marble 
(granoblastic texture) showed lower resistance to thermal shock than limestone with sparite and 
micrite and sparry cement has been reported as increasing durability of limestones under freeze-thaw 
tests [70]. 
The preferred orientation of calcite crystals in marbles has been considered as contributing to 
differential surface reactivity to pollutants of this kind of rock [69]. 
The action of pollutants was found to exploit finer crystals (higher specific surface) in limestones 
[14]. On the other hand, in heating tests of magmatic rocks, the presence of minerals with coarser size 
and different coefficients of thermal expansion corresponded to worse results [48]. Tuffs with 
different granularity have shown different decay features under tests of freeze-thaw and salt 
crystallization [67]. 
The presence of calcite and clay matrix in arenaceous sedimentary rocks seem to favor the 
propagation of cracks while more rigid minerals like quartz and feldspar are not affected [77]. The 
presence of oxides in vugs in laminated travertines promotes susceptibility to salt and ice, 
highlighting the effect of anisotropy in these rocks [33]. 
The presence of calcite cement in sandstone contributes to their susceptibility to acid attack [66] 
and has been related to the development of contour scaling under salt weathering [56]. Tuffs with 
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predominance of glassy groundmass and pumice clasts presented higher susceptibility to salt 
weathering [67]. 
We found examples of the role played by heterogeneity features in alteration processes. In tests 
with acid attack to limestones, it was reported that ooids and fossils presented a lower resistance than 
the cement [38]. In a limestone subjected to acid attack, dissolution of ooids and cement did not 
present noteworthy differences and the voids in ooids that were present on the specimens before the 
test promoted sulphates and nitrates crystallization [39].  
In freeze-thaw tests with limestones, growth of cracks at the interface between allochems and 
sparry cement and the detachment of peloids and ooids has been observed [27]. The cement between 
grains in sandstone was found to be affected by this kind of test [29] and also by wetting-drying 
cycles [60]. 
Salt weathering tests with volcanic rocks showed the effects of existing heterogeneities such as 
structures of preferred orientation and big pumice clasts in ignimbrites [43] and the higher 
susceptibility of groundmass in trachytes [15] and in tuffs [46,67]. Surface heterogeneities such as 
stylolites have been considered to increase the susceptibility of limestones to freeze-thaw 
[16,17,65,78], wet-dry cycles [31] and salt weathering [17], with cracks assumed to be presented before 
testing also promoting the effects of these decay agents [53]. In trachytes, salt weathering affects 
fronts with iron oxides and hydroxides [15]. But it has been proposed that sericite and clay minerals 
can have a sealing effect in granite cracks, limiting water movement and diminishing the impact of 
salt weathering [52].  
The effects of salt solutions on limestones appear to be potentiated along stratification [53] and 
the effects of bedding were found to be more marked for coarser portions in sandstones [53] and 
limestone [74]. 
4.4. Multiple Factors 
This section comprises cases where the authors of the considered papers proposed more than 
one factor for explaining a given trend, including other bulk physical properties of rocks that were 
not considered in previous sections of the present publication. 
Perhaps the most interesting result of those that were surveyed in the dataset studied here is the 
relation between mass loss in salt weathering tests and a petrographic index that includes both voids 
and mineralogical features, namely the relation between sound or primary minerals and secondary 
minerals formed by weathering [8], in a study that considered several magmatic and metamorphic 
silicate rocks with different weathering degree and that had a set of results that seem to comply with 
the necessary conditions for correlation. However, it is possible that this type of relation will not hold 
for rocks whose decay follow other petrographic models such as limestones and sandstones or for 
rocks with more chemically susceptible minerals but it must be highlighted that this is a very testable 
hypothesis that is particularly interesting for the geosciences since it involves petrographic criteria. 
Other majorly interesting publications have data that contribute to assess the role of different 
factors. In the study presented by Nasri et al. [71], comparing a carbonate tufa and a limestone under 
salt weathering tests, the tufa showed better durability, in spite of having much lower mechanical 
strength and much higher porosity and water capillary absorption, even after correcting for porosity 
differences, a result that the authors attribute to the presence of macropores in the carbonate tufa. 
In a study on tuffs under freeze-thaw and salt weathering tests [67], there were differences 
attributed to the pore size distribution, with smaller pores causing higher decay. However, according 
to the authors, this “can be considered only a secondary factor” in tuffs with lower porosity and 
higher tensile strength that present better results. 
In a study with acid solutions, a more porous but silica richer limestone showed lower mass loss 
than a limestone with lower porosity but richer in calcium carbonate [44]. The presence of clay 
minerals can promote an incipient lamination in a low porosity limestone that favors the action of 
freeze-thaw [18]. 
The study of Dursun and Topal [62] in basalts showed higher durability for the massive basalts 
than for a vesicular one, with the massive type presenting smaller pore size. This result was attributed 
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by the authors to the lower dry/wet ratio of mechanical strength of the vesicular basalt, which, 
however, was also the more porous basalt type. 
Sato and Hattanj [49] presented a study with a tuff and two sandstones. Comparing the tuff and 
a sandstone with similar porosity and tensile strength, the sandstone with higher micropore volume 
and higher specific surface behave worse while the tuff had large pores associated with the alteration 
of pumice. The other sandstone with lower porosity and higher tensile strength showed also high 
resistance to salt weathering. 
In other studies, there was a concurrence of factors in the same direction. Lower durability in 
freeze-thaw tests of limestones [37] and salt weathering tests of ignimbrites [24] were related to higher 
porosity, higher capillarity coefficient, and lower mechanical strength. The higher resistance to acid 
solutions of dolomitic limestone, when compared with calcium carbonate sedimentary rocks, has 
been explained by coarser texture, lower porosity, and higher mechanical strength [57]. Explanations 
joining mechanical strength and bulk properties of the pore system, such as porosity, water 
absorption, and capillarity coefficient, with higher values of microporosity have been presented for 
higher susceptibility to salt crystallization of travertines [81] and pyroclastic rocks, with the variations 
in this last study being related to welding degree [43]. A comparison of rhyodacite and andesite found 
the former more susceptible than andesite because of the lower strength, higher porosity, and also 
higher microporosity [58]. Similar results were obtained in studies of freeze-thaw tests with 
travertines and limestones [41]. Higher porosity and water absorption, as well as bimodal pore space 
with important microporosity, were proposed to explain the lower durability of a tuff in relation to 
another tuff and an andesite in salt weathering tests [61]. 
In salt weathering studies with sandstones, highest durability was indicated for the type with 
lowest microporosity, better cementation, lowest anisotropy (albeit it is the type with highest thermal 
expansion) and that is the most homogeneous one, presenting mainly quartz and without swellable 
minerals, while the less durable type showed higher microporosity, the presence of phyllosilicates in 
significant amounts and marked thermal and hydric anisotropy [56]. The loss of gloss in serpentines 
under ultraviolet exposure tests presented positive correlation with water absorption and negative 
correlations with density and mechanical strength [72]. But this same study showed higher gloss loss 
in serpentinites where antigorite was dominant and that higher mineralogical diversity corresponded 
to lower gloss loss. 
Sometimes pore characteristics are associated with other textural features. For example, images 
of study by Török and Szemerey-Kiss [79], showed that a coarser limestone which was less porous 
and presented a higher percentage of fine pores presented higher erosion than a finer limestone that 
was more porous and had a higher percentage of the higher radii pores (in freeze-thaw tests with 
stone and mortars, where, hence the possibility of some salt contribution could be pondered). 
Bioturbation in limestones has been reported to be susceptible to salt weathering erosion because of 
the association with iron oxides and porosity [71]. In a study of two limestones and marble, the 
limestone with higher porosity and surface roughness showed higher darkening related to fixation 
of particulate matter and higher deposition of the soluble fraction [13]. In exposure tests, slabs of 
limestone showed higher deposition of sulphates than carbonate-rich sandstone and polished marble 
[32]. 
5. Final Considerations 
In the period surveyed (2017–2019), studies concerning ageing tests of stone materials showed a 
clear vitality, in general, averaging two publications by month. However, a marked disparity in terms 
of lithological types was observed. There are many more studies with sedimentary carbonate rocks 
than with metamorphic silicate rocks, and information for the latter is scarce. In relation to the types 
of ageing tests used, there is a wide diversity but salt weathering is clearly dominant, perhaps 
reflecting the recognized erosive impact of soluble salts on stone materials used in built structures. 
One can highlight, also, the low proportion of publications with information from tests promoting 
biological colonization (possibly reflecting the essentially chromatic effects of this kind of agent). 
Hence this survey seems to suggest clear trends in terms of objects and processes. The collected 
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information regarding the effects of ageing agents ranges from responses of specific minerals to 
assessments of whole-rock behavior based on one or more factors. While the former is more limited 
in scope, the latter shows variations and even contradictions that might be related to a pervasive case-
study way of thinking, where authors are in general concerned with some particular rock types, from 
specific places. The usual limitations in experimental studies in terms of the available techniques and 
situations with confounding conditions, where several factors could contribute to the same outcome, 
can also contribute to the observed dispersion. 
Hence, reviews like the present one are essential to assess the state of knowledge in relation not 
just to major trends but also to the reproducibility of specific claims; to recognize specific points that 
deserve and need further research. 
In relation to the study of alteration processes of stone materials in the built environment, one 
of the points that seem to deserve further attention concerns the role of pore size for alteration 
processes such as salt weathering and freezing-thaw, given the high number of references to this 
feature (pore size) and the results that have cast doubts on its real importance. 
There are also many results regarding the susceptibility of mineralogical, chemical, textural, and 
structural features of rocks. It seems clear that we are still far away from a unifying theory that can 
relate the alteration of stones to rock characteristics and the agents to which they are exposed in the 
built environment. It is possible that this will only be achieved considering a suitable lithological 
taxonomy, based on the relevant petrological criteria, in a multivariate perspective. Petrographic 
criteria should be the starting base for explaining both physical characteristics of rocks and their 
alteration when used as stone materials. Perhaps the most interesting results showed the potential 
relation of alteration to a petrographic index based on the textural and mineralogical characteristics 
(voids, primary minerals, and weathering products). This approach seems very promising for 
magmatic and metamorphic rocks and might be suitable also for low porosity sedimentary and 
metamorphic carbonate rocks. But additional provisions need to be included for features such as 
chemical susceptibility, for example for carbonate rocks, for anisotropy, especially for some silicate 
metamorphic rocks, and for rocks with a granular framework, such as detrital rocks and diverse 
limestones. The presence of heterogeneities with an extension that it is not usually in the domain of 
thin sections is a further potential issue to be tackled. The incorporation of factors reflecting these 
diverse rock features, with several terms, e.g., applied at diverse scales and for different decay agents, 
could lead to the formulation of a universal petrographic index for the selection of stone to be used 
in a built environment according to the expected alteration agents. While we are not in a position to 
propose an expression for such an index, it is our opinion that the subject of stone alteration is not 
more complex than the characterization of the engineering behavior of rock masses, for which several 
indexes based predominantly on macroscopic field observations have been devised (many examples 
can be found in [82]). The relevant index could be expressed as additions and products of ratings 
based on the evaluation of pertinent features such as those collected in this review, and considering 
also the alteration agents that could affect the stone material in the built environment. 
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